We present CO J = 4 − 3 line and 3 mm dust continuum observations of a 100 kpcscale filamentary Lyα nebula (SSA22 LAB18) at z = 3.1 using the Atacama Large Millimeter/submillimeter Array (ALMA). We detected the CO J = 4 − 3 line at a systemic c 2018. Astronomical Society of Japan.
Introduction
Lyα blobs (LABs) are extended Lyα emitting nebulae, primarily found in galaxy over-dense regions at z ∼ 1 − 3 (e.g., Steidel et al. 2000; Matsuda et al. 2004; Matsuda et al. 2009; Matsuda et al. 2011; Dey et al. 2005; Prescott et al. 2008; Barger, Cowie, & Wold 2012; Valentino et al. 2016; Caminha et al. 2016; Cai et al. 2017) . It has been found that some 100 kpc-scale LABs are bright in submillimeter/millimeter wavelengths, suggesting a possible connection between LABs and dusty star-forming galaxies (DSFGs, e.g., Chapman et al. 2001; Chapman et al. 2004; Geach et al. 2005; Geach et al. 2014; Tamura et al. 2013; Yang et al. 2014; Hine et al. 2016; Alexander et al. 2016; Ao et al. 2017; Umehata et al. 2017a; Umehata et al. 2017b; Umehata et al. 2018 ). However, we don't know if the DSFGs in LABs differ from typical DSFGs population.
Molecular gas depletion time (τ dep ) is given by the ratio of molecular gas mass (M gas ) over star-formation rate (SFR), and is useful to investigate the evolutionary stage of DSFGs (e.g., Chapman et al. 2004; Greve et al. 2005; Hodge et al. 2013; Ginolfi et al. 2017) . Typically DSFGs have a τ dep < ∼ 10 8 yr, while less active high-redshift star-forming galaxies have much longer timescales (e.g., Tacconi et al. 2018) . Since there are very few LABs where molecular gas has been detected, it is unclear which evolutionary stage of dusty star-formation exists in LABs, and how long dusty star-formation of LABs will continue. While LABs would be the seeds of galaxy groups and experience very rapid galaxy assembly (e.g., Prescott et al. 2012; Kubo et al. 2016; Bȃdescu et al. 2017) , it is yet to be understood what they evolve into.
For the study of the interstellar medium (ISM), the dust emissivity index (β) at submillimeter wavelengths is derived from the Rayleigh-Jeans tail of infrared (IR) spectral energy distribution (SED), which reflects the dust chemical compositions (Galliano, Galametz, & Jones 2017) . The IR SED is often approximated by a modified black body model of
L is luminosity distance, κ 0 is mass absorption coefficient at frequency ν 0 , β is its variation as a function of frequency, and
is the Planck function. Different materials can produce different Îš, for instance, Crystalline Silicate have β = 2.0 and Amorphous Graphite have β = 1.0, which both change with temperature and frequency range (e.g., Jones 2002; Meny et al. 2007 ).
The dust emissivity index β has also been studied in relation to galaxy properties in the local Universe. Boselli et al. (2012) reports lower β in low metallicity galaxies and Cortese et al. (2014) reports higher β in local gaspoor, early-type galaxies with Herschel/SPIRE. While local galaxies have β ∼1.0-2.5 (e.g., Dunne et al. 2000; Smith et al. 2013; Clements et al. 2018) , it has been difficult to measure β for high-redshift galaxies. The high sensitivity of the Atacama Large Millimeter/submillimeter Array (ALMA) now allows us to constrain β for high-redshift galaxies (e.g., Tadaki et al. 2017 ).
Our target is SSA22 LAB18 at R.A. (J2000) = 22h17m29.0s, decl. (J2000) = +00 • 07 ′ 50 ′′ (Matsuda et al. 2004) in the SSA22 protocluster at z = 3.1 (Steidel et al. 1998 ). LAB18 has a Lyα luminosity of L Lyff = (0.8 ± 0.2) × 10 43 erg s −1 , physical size of 100 × 30 kpc, and spectroscopic redshift of z Lyff = 3.104 (Matsuda et al. 2011) . LAB18 has been detected by using James Clerk Maxwell Telescope (JCMT) (Chapman et al. 2001; Chapman et al. 2004; Geach et al. 2005; Hine et al. 2016; Ao et al. 2017 ) and
Chandra (Lehmer et al. 2009; Geach et al. 2009 ). An X-ray detection with Chandra observations suggests that LAB18 likely has a rapidly growing black hole in addition to the very rapid galaxy growth. ALMA 850 µm dust continuum observations (Ao et al. 2017, Matsuda et al. in prep) identified four continuum sources (LAB18.a ,b ,c ,d) toward the asymmetric, long filamentary structure of Lyα emission of LAB18 (Figure 1 left). Since LAB18 is the brightest at 850 µm among the LABs in the SSA22 protocluster, this source is the best target to conduct CO and multi-band dust continuum observations to investigate τ dep and β. By combining these values, we can constrain the evolutionary stage of LABs and DSFGs. We use the following cosmological parameters: Ω m = 0.315, Ω Λ = 0.685, h = 0.67 (Planck Collaboration et al. 2014a) . In this cosmology, 1. ′′ 0 corresponds to 7.9 kpc in physical length at z = 3.1.
OBSERVATIONS
We observed the LAB18 in ALMA Cycle 4 project (ID: 2016.1.01101.S; PI: Y. Kato). The ALMA Band 3 observations were carried out through 12th to 14th November 2016 with 39-41 antennas with the baseline lengths of 15-1039 m (∼4-290 kλ) in the dual-polarization setup. The total on-source integration time was ∼5 hours. The spectral windows were set to ∼97-101 GHz and ∼109-113 GHz, which covers CO J = 4 − 3 line from z CO = 3.08 − 3.23. J2148+0657 and J0006-0623 were observed as flux calibrators. The bandpass and phase were calibrated with J2148+0657 and J2226+0052, respectively. The accuracy of 
Notes. a Gas mass with r 41 =0.41 ± 0.07 and α = 0.8 M ⊙ (K km s −1 pc 2 ) −1 . b Dust mass with β = 2.3, T d = 31.7 K and κ 850 = 3.2 cm 2 g −1 .
c Gas-to-dust mass ratio. d The errors come from the IR SED fitting.
absolute flux calibration is within 10%.
We reduced the data with the Common Astronomy Software Applications (CASA; McMullin et al. 2007 ) 4.7.2 package in a standard manner. From the calibrated data produced by the pipeline, we made primary beam corrected line free 3 mm and 2.7 mm continuum images with 97-101 GHz and 109-113 GHz bands, and a continuum subtracted spectral cube with a 80 km s −1 velocity resolution using CLEAN with natural weighting. The synthesized beam full-width at half maximum (FWHM) of 3 mm and 2.7 mm continuum images are 1. ′′ 20 × 1. ′′ 08 with PA=65 • and 1. ′′ 05 × 0. ′′ 98 with PA=67 • , respectively. The achieved typical synthesized beam FWHM for CO spectral cube is 1. ′′ 07 × 0. ′′ 99 with PA=67 • at 112.65 GHz.
The rms noises of the 3 mm and 2.7 mm continuum images are 5.9 µJy beam −1 and 8.7 µJy beam −1 , respectively. The pixel size is set to 0. ′′ 1 for all data.
RESULTS

CO J = 4 − 3 line
The CO J = 4 − 3 emission from LAB18.b is detected at 11 σ (peak flux to map variance on the integrated map). The derived systemic redshift is z CO = 3.093 ± 0.001 by using single Gaussian fitting (Figure 1 right) . We measured the total flux density of CO J = 4 − 3 by using IMFIT task of CASA on the spectrally integrated flux map with primary beam correction. We checked the total flux density of CO J = 4 − 3 by using two components Gaussian fitting on the spectrum data, and found that the result does not significantly change. (Table 1 ). The CO J = 4 − 3 luminosity is used to derive the molecular gas mass with M gas = r 41 α CO L ′ CO(4−3) , which gives a molecular gas mass of M gas = (4.4 +0.9 −0.6 ) × 10 9 M ⊙ for LAB18.b (Table 1) . We adopted luminous submillimetre galaxies (SMGs) median CO J = 4 − 3 luminosity to CO J = 1 − 0 luminosity ratio of r 41 = 0.41 ± 0.07 (Bothwell et al. 2013 ) and starbursts and mergers conversion fac- (Downes & Solomon 1998 ) since LAB18.b has a comparable IR luminosity. We note that the molecular gas mass increases by a factor of five given the so-called Galactic conversion factor of
The CO J = 4 − 3 spectrum for LAB18.b shows doublepeaked structure (Figure 1 right) and small spatial offset (0. ′′ 4 or ∼ 3 kpc) between the red and blue components (Figure 1 middle) . These suggest that LAB18.b has a rotating disk or a merger, while the beam FWHM is significantly larger than the offset.
Dust continuum
We detected 2.7 mm and 3 mm dust continuum emission at the position of the LAB18.b (Figure 1 left) . We measured the total flux density of both dust continuum emission using IMFIT task of CASA with primary beam correction (Table 1) . We derived an infrared (IR) luminosity
] , a dust temperature T d and a dust emissivity index β by fitting a single temperature, optically thin modified black body model to the SPIRE 250 µm (Kato et al. 2016) , ALMA Band 7 850 µm (Ao et al. 2017; Matsuda et al. in prep) , ALMA Band 3 2.7 mm, and 3 mm dust continuum emission (Figure 2 ). The SPIRE 250 µm flux density is measured at the position of LAB18.b and applied a source confusion noise for photometry error (Kato et al. 2016) . The accuracy of the ALMA Band 7 850 µm absolute flux calibration is evaluated to be within 10%, which is applied for the SED fitting (Figure 2) . The bestfit values are T d = 31.7 ± 4.1 K, β = 2.3 ± 0.2, and L IR = (2.7 ± 1.6) × 10 12 L ⊙ . These errors show 68% confidence intervals of the χ 2 SED fits to the photometry data. We derived a star-formation rate of SFR= 269 ± 158 M ⊙ yr −1 from the empirical L IR -SFR relation in Kennicutt (1998) and Chabrier IMF (Chabrier 2003) ; SFR=1.0 × 10 −10 L IR , where the units of SFR and L IR is M ⊙ yr −1 and L ⊙ , respectively. The dust mass is also estimated with a relation of
, where κ 850 is assumed to be κ 850 = 3.2 cm 2 g −1 (Demyk et al. 2017) . We derived the dust mass of M d = (4.8 ± 0.8) × 10 7 M ⊙ using S 3 mm , which indicates gas-to-dust mass ratio of (Table 1) . We note the SPIRE 250 µm photometry could be overestimated because of source blending with other ALMA 850 µm sources. If the SPIRE 250 µm flux of LAB18.b is proportional to the ALMA 850 µm flux as reported in Ao et al. (2017) , the flux decreases by a factor of three and the best-fit results are T d = 24.1 ± 1.3 K, β = 2.6 ± 0.1 and
12 L ⊙ (Figure 2 open circle) . SPIRE source
The yellow shaded region is the best-fit relation and its scatter in Greve et al. (2014) . The labeled dotted lines show constant molecular gas depletion times. LAB18.b shows one order of magnitude smaller τ dep than typical DSFGs and (U)LIRGs in Greve et al. (2014) . IR luminosities for z > 1 lensed DSFGs are corrected for magnification (Greve et al. 2014) . 
DISCUSSION AND SUMMARY
Is LAB18.b a typical DSFG at high-redshift? The left panel of Figure 3 shows that LAB18.b has a low L ′
/L IR ratio among z > 1 DSFGs and z < 0.1 (Ultra) Luminous Infrared Galaxies (U)LIRGs in Greve et al. (2014) . The labeled dotted lines show constant gas depletion times (τ dep = M gas /SFR) derived with r 41 = 0.41, α = 0.8 M ⊙ (K km s −1 pc 2 ) −1 , and SFR conversion.
The derived molecular gas depletion time of LAB18.b is τ dep = 17 ± 10 Myr, which is one order of magnitude smaller than the typical values of τ dep = 100 − 200 Myr for z < 0.1 (U)LIRGs and z > 1 DSFGs (Greve et al. 2014) . The right panel of Figure 3 shows that LAB18.b is located between local ULIRGs (Clements et al. 2018 ) and local gas-poor, earlytype galaxies (Cortese et al. 2014) . These suggest that LAB18.b is not a typical DSFG but in a transition phase from a DSFGs to a gas-poor, early-type galaxy. It would be interesting to test if LABs are associated with DSFGs with short τ dep and high β by future ALMA observations. As shown in the right panel of Figure 3 , the β of LAB18.b is larger than the typical values of ULIRGs (Clements et al. 2018 ) and our Galaxy (Planck Collaboration et al. 2014b) . What can produce such a high β value? It is known that Îš should be independent of the dust grain size since the observed IR wavelength is much larger than the typical dust grain size in interstellar medium (0.3 nm < ∼ r < ∼ 0.3 µm; Galliano, Galametz, & Jones 2017) . However, a high β can be produced by the chemical composition (e.g., Miyake & Nakagawa 1993) . For instance, Demyk et al. (2017) showed that Mgrich amorphous silicates reproduce β > 2.0 and a large κ 850 ∼ 3.2 cm 2 g −1 compared with the typically assumed values of κ 850 = 0.4 − 1.5 cm 2 g −1 in the diffuse interstellar medium (ISM) in the Galaxy and local galaxies (Dunne et al. 2003) . We estimated the M d and δ GDR for LAB18.b by assuming this κ 850 = 3.2 cm 2 g −1 ( §3.2 and Table 1 ). We note that if we adopt κ 850 = 1.0 cm 2 g −1 , the dust mass increases by a factor of three, and results in a small gas-todust mass ratio of δ GDR ≈ 30, which is much lower than the values in both local (U)LIRGs (δ GDR ≈ 120; Wilson et al. 2008 ) and distant submillimeter galaxies (SMGs) (δ GDR ≈ 90; Swinbank et al. 2014) . Thus, if LAB18.b has the typical δ GDR as local (U)LIRGs and SMGs, the large κ 850 = 3.2 cm 2 g −1 expected from the high β is reasonable. We also note that if we estimate the dust mass with S 850 µm , standard κ 850 = 1.0 cm 2 g −1 and β = 2.3, the dust mass is still three times smaller than the typical DSFGs estimate (e.g., S 850 µm , standard κ 850 = 1.0 cm 2 g −1 and β = 1.5). This would support that LAB18.b still ends up with a low dust mass even in a standard κ 850 , and would support that LAB18.b has low gas mass if the gas-to-dust mass ratio is same as typical DSFGs.
We found that LAB18 has short τ dep and high β. This suggests that DSFGs in LAB18 are transition phase to evolve gas-poor, early-type galaxies. We argue that ALMA CO and multi-band dust continuum observations can constrain the evolutionary stage of high-redshift galaxies through τ dep and β. The precise measurement of β can also constrain the chemical composition and κ of dust grains even in the early Universe, which is important to reliable estimate of dust mass.
